
R a d i c a l  I n i t i a t i o n  a n d  P h e n o l  I n h i b i t i o n  i n  t h e  T h e r m a l ,  F r e e  
R a d i c a l  D e c o m p o s i t i o n  o f  1 , 3 - D i p h e n y l p r o p a n e ( l ) ,  D i b e n z y l e t h e r ( ~ )  

a n d  p h e n e t h y l p h e n y l e t h e r  (3). C o a l  L i q u e f a c t i o n  M o d e l  S t u d i e s  

K.E. G i l b e r t  

D e p a r t m e n t  o f  C h e m i s t r y  
I n d i a n a  U n i v e r s i t y  

B l o o m i n g t o n .  I N  4 7 4 0 5  

C u r r e n t  t h o u g h t  on t h e  s t r u c t u r e  o f  c o a l  a n d  t h e  c h e m i s t r y  
u i  c o a i  i i q u e t a c t i o n  s u g g e s t s  t h a t  c o a l  consists o f  l a r g e  
p o l y c y c l i c  c l u s t e r s  j o i n e d  b y  s h o r t  a l i p h a t i c  l i n k s  a n d  t h a t  
l i q u e f a c t i o n  r e a c t i o n s  o c c u r  a t  t h e s e  l i n k s .  Much r e s e a r c h  h a s  
g o n e  i n t o  t h e  t w o  a t o m  l i n k s .  We h a v e  b e e n  l n t e r e s t e d  i n  t h e  
t h r e e  a t o m  l i n k s  b e c a u s e  i n  a d d i t i o n  t o  t h e  c l e a v a g e - a b s t r a c t i o n  
r e a c t i o n s  a v a i l a b l e  t o  t h e  t w o  a tom l i n k s ,  t h e  t h r e e  a t o m  l i n k s  
may  a l s o  r e a c t  b y  r a d i c a l  c h a i n  r e a c t i o n s .  T h e s e  r a d i c a l  c h a i n  
r e a c t i o n s  c a n  o c c u r  o v e r  a m u c h  w i d e r  t e m p e r a t u r e  r a n g e  t h a n  t h e  
c l e a v a g e - a b s t r a c t i o n  r e a c t i o n s  a n d  t h u s  o f f e r  t h e  p o s s i b i l i t y  o f  
a l o w  t e m p e r a t u r e  l i q u e f a c t i o n  p r o c e s s .  P r e v i o u s  w o r k  h a s  s h o w n  
t h a t  1, 2 a n d  3 d e c o m p o s e  b y  f r e e  r a d i c a l  c h a i n  r e a c t i o n s  a s  
n e a t  l i q u i d s  o r  a s  s o l u t i o n s  i n  h y d r o g e n  d o n a t i n g  s o l v e n t s  i n  
t h e  t e m p e r a t u r e  r a n g e  o f  3 0 0  t o  4 0 0 ° C . ( 1 ) ( E q u a t i o n  1 )  I n i t i a t i o n  
o f  t h e  r a d i c a l  c h a i n  p r o c e s s  b y  b e n z y l p h e n y l e t h e r  a t  350 '  w a s  
d e m o n s t r a t e d ,  b u t  i n h i b i t i o n  o f  t h e  c h a i n  r e a c t i o n s  b y  s t a n d a r d  
i n h i b i t o r s ,  s u c h  a s  h i n d e r e d  p h e n o l s ,  w a s  n o t  s t u d i e d .  H e r e i n  we 
r e p o r t  on t h e  e f f e c t  o f  h i n d e r e d  p h e n o l s  on t h e  d e c o m p o s i t i o n  o f  
- 1 ,  2 a n d  3 a t  3 5 0 ° ,  t h e  d e v e l o p m e n t  o f  m e t h o d s  f o r  i n i t i a t i n g  
t h e s e  r e a c t i o n s  a t  t e m p e r a t u r e s  a s  l o w  a s  1 3 8 ' ,  t h e  e f f e c t  o f  
h i n d e r e d  p h e n o l s  o n  t h e s e  r e a c t i o n s  a t  l o w e r  t e m p e r a t u r e s  a n d  on  
t h e  k i n e t i c  a n d  t h e r m o d y n a m i c  b a r r i e r s  t o  t h e s e  r a d i c a l  c h a i n  
r e a c t i o n s .  

- 1 X = Y = C H 2  

- 2 X = O  ; Y : C H 2  

- 3 X = C H 2  ; Y = O  

A l a r g e  n u m b e r  o f  p h e n o l s ,  i n c l u d i n g  2 , 6 - d i - = - b u t y l - 4 -  
m e t h y l p h e n o l ,  h a v e  n o  e f f e c t  o n  t h e  d e c o m p o s i t i o n  o f  1 a t  350'. 
S t o c k  h a s  f o u n d  t h a t  p h e n o l s  c a t a l y z e  t h e  d e c o m p o s i t i o n  o f  2 a t  
4 0 0 ° . ( 2 )  I n  o r d e r  t o  u n d e r s t a n d  t h e  e f f e c t  h i n d e r e d  p h e n o l s  o n  
r a d i c a l  c h a i n  p r o c e s s e s  t h e  r e a c t i o n  o f  1. 2 a n d  3 h a v e  b e e n  
i n v e s t i g a t e d  a t  l ower  t e m p e r a t u r e s .  

P r i o r  t o  e x p e r i m e n t a l  w o r k  t h e  t h e r m o d y n a m i c s  o f  t h e  
o v e r a l l  r e a c t i o n  o f  1 t o  t o l u e n e  a n d  s t y r e n e ,  2 t o  t o l u e n e  a n d  
b e n z a l d e h y d e  a n d  1 t h e  p h e n o l  a n d  s t y r e n e  w e r e  i n v e s t i g a t e d  
u s i n g  t h e  g r o u p  a d d i t i v i t y  m e t h o d  o f  B e n s o n  ( T a b l e  1 ) . ( 3 )  
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R e a c t i o n  o f  1 i s  u n f a v o r a b l e  a t  t e m p e r a t u r e s  b e l o w  3 0 0 ° ,  t h u s  
i n i t i a t i o n  o f  t h i s  r e a c t i o n  s h o u l d  n o t  o c c u r  a t  l o w e r  
t e m p e r a t u r e s .  R e p l a c e m e n t  o f  a C H 2  g r o u p  b y  a n  o x y g e n  g r e a t l y  
c h a n g e s  t h e  t h e r m o d y n a m i c s  a n d  t h e  d e c o m p o s i t i o n  o f  2 a n d  3 a r e  
e n e r g e t i c a l l y  f a v o r a b l e  o v e r  t h e  t e m p e r a t u r e  r a n g e  o f  i n t e r e s t .  

The d e c o m p o s i t i o n  o f  1 c o u l d  n o t  b e  e f f e c t e d  by  a n y  o f  t h e  
l o w  t e m p e r a t u r e  i n i t i a t o r s  i n  a c c o r d  w i t h  t h e  t h e r m o d y n a m i c  
C a l c u l a t i o n s  ( T a b l e  2) .  R e a c t i o n  o f  2 c o u l d  b e  i n i t i a t e d  by  a l l  
o f  t h e  l o w  t e m p e r a t u r e  i n i t i a t o r s  e x c e p t  A I B N .  t h o u g h  t h i s  may 
n o t  b e  a g o o d  e x p e r i m e n t  s i n c e  A I B N  i s  n o t  v e r y  e f f e c t i v e  a t  
h y d r o g e n  a b s t r a c t i o n . ( 4 )  R e a c t i o n  o f  3 c o u l d  b e  e f f e c t e d  b y  d i -  
-- t e r t - b u t y l d i a z e n e  (TBD) a t  180' b u t  n o t  by  d i - s - b u t y l p e r o x i d e  
( T P O )  a t  1 3 8 '  r e f l e c t i n g  a k i n e t i c  b a r r i e r  t o  r e a c t i o n .  I n  a l l  
c a s e s  t h e  p r o d u c t s  w e r e  t h o s e  e x p e c t e d  f r o m  a r a d i c a l  c h a i n  
r e a c t i o n .  

R e a c t i o n  o f  2 w i t h  TPO w a s  f o u n d  t o  b e  0 . 6 8  o r d e r  i n  2 a n d  
0 . 6 2  o r d e r  i n  T P O  ( T a b l e  3 ) .  T h e  p r o d u c t s  w e r e  t o l u e n e ,  
b e n z a l d e h y d e  a n d  1 , 2 - d i y h e n y l e t h a n e ( A )  i n  t h e  r a t i o  o f  
1.1:2:0.65. The  c h a i n  l e n g t h .  g i v e n  by t h e  r a t i o  o f  b e n z a l d e h y d e  
t o  3. i s  1.5.  A m e c h a n i s m  c o n s i s t e n t  w i t h  t h i s  d a t a  i s  g i v e n  i n  
S c h e m e  1 .  S i n c e  t h e  c h a i n  l e n g t h  i s  s h o r t  b o t h  t e r m s  i n  t h e  
k i n e t i c  e x p r e s s i o n ,  d e r i v e d  u s i n g  t h e  s t e a d y  s t a t e  
a p p r o x i m a t i o n ,  c o n t r i b u t e  t h u s  a c c o u n t i n g  f o r  t h e  n o n - i n t e g r a l  
o r d e r  i n  2. T h e  l a r g e  a m o u n t  o f  3 f o r m e d  s u g g e s t s  t h a t  h y d r o g e n  
t r a n s f e r  f r o m  2 t o  b e n z y l  r a d i c a l  i s  s l o w  a t  t h i s  t e m p e r a t u r e  
a n d  c o n t r o l s  t h e  r e a c t i o n  p a t h .  

A d d i t i o n  o f  2,6-di-tt.r,-4-methylphenol t o  a m i x t u r e  o f  2 
a n d  TPO d e c r e a s e s  t h e  r a t e  o f  r e a c t i o n  a n d  s u r p r e s s e s  t h e  
f o r m a t i o n  o f  A. T o l u e n e  a n d  b e n z a l d e h y d e  a r e  t h e  m a j o r  p r o d u c t s .  
The  r e a c t i o n  o r d e r  i n  2 i s  0.67 a n d  -0 .53  i n  p h e n o l .  A m e c h a n i s m  
c o n s i s t e n t  w i t h  t h i s  d a t a  i s  g i v e n  i n  S c h e m e  2 .  T h i s  i s  a 
g e n e r a l  r e a c t i o n  s c h e m e  a n d  U n d e r  t h e s e  e x p e r i m e n t a l  c o n d i t i o n s  
k5  a n d  k7 a r e  s m a l l .  T h e  r a t e  e x p r e s s i o n ,  u s i n g  t h e  s t e a d y  s t a t e  
a p p r o x i m a t i o n ,  i n v o l v e s  o n l y  f i r s t  t e r m  u n d e r  t h e s e  c o n d i t i o n s .  
S i n c e  k > k 2  ( 5 )  w h i l e  C 2 1 > [ A r O H I  t h e  t w o  t e r m s  i n  t h e  
d e n o m i n a J o r  a r e  o f  s i m i l a r  m a g n i t u d e .  T h e  d a t a  s u g g e s t s  t h a t  
p h e n o l s  f u n c t i o n  a s  i n h i b i t o r s  i n  t h i s  r e a c t i o n  b y  e f f e c t i v e l y  
c o m p e t i n g  w i t h  t h e  s u b s t r a t e  f o r  i n i t i a t o r  r a d i c a l s ,  a n d  b y  
s c a v e n g i n g  t h e  c h a i n  c a r r y i n g  b e n z y l  r a d i c a l s .  

R e a c t i o n  o f  2 w i t h  TBD a t  180' t o  200' w a s  f o u n d  t o  b e  0 .93 
o r d e r  i n  2. 0 . 5  o r d e r  i n  TBD w i t h  t h e  p r o d u c t s  b e i n g  t o l u e n e ,  
b e n z a l d e h y d e  a n d  2 i n  a 6 : 8 : 1  r a t i o .  T h e  r e a c t i o n  m e c h a n i s m  o f  
S c h e m e  1 a c c o u n t s  f o r  t h i s  d a t a  w i t h  t h e  r e c o g n i t i o n  t h a t  t h e  
s e c o n d  t e r m  i n  t h e  k i n e t i c  e x p r e s s i o n  b e c o m e s  m o r e  i m p o r t a n t  a t  
l o n g e r  c h a i n  l e n g t h s .  T h e  i n c r e a s e d  t e m p e r a t u r e  f a v o r s  h y d r o g e n  
t r a n s f e r  f r o m  2 t o  b e n z y l  r a d i c a l  a t  t h e  e x p e n s e  o f  t e r m i n a t i o n .  

t o  t h e  
r e a c t i o n  o f  2 a n d  TBD d e c r e a s e s  t h e  r e a c t i o n  r a t e  a n d  s u r p r e s s e s  
t h e  f o r m a t i o n  o f  3 w h i l e  s t i l l  g i v i n g  t o l u e n e  a n d  b e n z a l d e h y d e .  
T h e  r e a c t i o n  i s  f i r s t  o r d e r  i n  2 a n d  i n v e r s e  f i r s t  o r d e r  i n  

Add i t i o n  o f  a 2 , 6  - d i - t e r t -  b u t y 1 - 4 - m e t  h y 1 p h e n  o 1 

145 



p h e n o l .  T h e  n i e c h a n i s m  i n  S c h e m e  2 a p p l i e s ,  e x c e p t  u n d e r  t h e s e  
c o n d i t i o n s  k i s  s i g n i f i c a n t .  T h i s  r e s u l t s  i n  a t w o  t e r m  r a t e  
e x p r e s s i o n .  ? h e n 0 1  c o m p e t e s  w i t h  2 f o r  i n i t i a t o r  r a d i c a l s  a n d  
a l s o  f o r  b e n z y l  r a d i c a l s .  R e a c t i o n  7 i s  n o t  y e t  i m p o r t a n t  a n d  
h i n d e r e d  p h e n o l s  c o n t i n u e  t o  f u n c t i o n  a s  i n h i b i t o r s  a t  180OC. 

R e a c t i o n  o f  2 w i t h  1 , 1 , 2 , 2 - t e t r a p h e n y l e t h a n e  a t  2 5 0 °  g i v e s  
t o l u e n e  a n d  b e n z a l d e h y d e  i n  a r e a c t i o n  t h a t  i s  f i r s t  o r d e r  i n  2. 
A d d i t i o n  o f  a h i n d e r e d  p h e n o l  h a s  n o  e f f e c t  o n  t h e  r e a c t i o n .  
T h u s  o n  g o i n g  f r o m  180' t o  2 5 0 '  h i n d e r e d  p h e n o l s  g o  f r o m  b e i n g  
i n h i b i t o r s  t o  b e i n g  c h a i n  t r a n s f e r  a g e n t s .  

I n  s u m m a r y  i t  s h o u l d  b e  n o t e d  t h a t  2 is a n  e x c e l l e n t  m o d e l  
c o m p o u n d .  I t  d e c o m p o s e s  v v e r  a w i d e  t e m p e r a t u r e  r a n g e  t o  g i v e  
s t a b i e  p r o d u c t s ,  c a n  b e  i n i t i a t e d  w i t h  a w i d e  v a r i e t y  o f  
i n i t i a t o r s  a n d  a l l o w s  t h e  s t u d y  o f  k i n e t i c  b a r r i e r s  t o  r a d i c a l  
c h a i n  r e a c t i o n s .  F i n a l l y  t h e  w i d e  t e m p e r a t u r e  r a n g e  p e r m i t s  
i n v e s t i g a t i o n  o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  i n h i b i t i o n  b y  
p h e n o l s .  

C o n v e r s e l y  t h e  a l l  c a r b o n  s y s t e m ,  1 .  d e m o n s t r a t e s  a 
t h e r m o d y n a m i c  b a r r i e r  t o  r e a c t i o n  w i t h  n o - r e a c t i o n  o b s e r v e d  
b e l o w  300 ' .  T h i s  s u g g e s t s  t h a t  a l l  c a r b o n  s y s t e m s  w i l l  n o t  
c l e a v e  t o  t o l u e n e  a n d  s t y r e n e  b y  a n y  p r o c e s s  b e l o w  3 0 O O a n d  t h a t  
a t t e m p t s  t o  c o n s t r u c t  l o w e r  t e m p e r a t u r e  c o a l  l i q u e f a c t i o n  
p r o c e s s e s  b a s e d  on t h e  t h e r m a l  c h e t n i s t r y  o f  a l l  c a r b o n  s y s t e m s  
w i l l  n o t  b e  s u c c e s s f u l .  T h a t  i s  t h e  r e a c t i o n s  o f  o n e  a n d  t w o  
a t o m  l i n k s  a r e  l i m i t e d  t o  h i g h  t e m p e r a t u r e s  b y  t h e  e n e r g y  
r e q u i r e d  t o  c l e a v e  a C - C  b o n d ,  w h i l e  t h e  t h r e e  a t o m  a n d  h i g h e r  
n u m b e r  l i n k s  a r e  t h e r m o d y n a m i c a l l y  l i n i i t e d  a n d  w o u l d  r e q u i r e  
h i g h e r  t e m p e r a t u r e s  t o  d r i v e  t h e  r e a c t i o n s  t o w a r d s  p r o d u c t  
f o r m a t i o n .  T h i s  m i g h t  b e  c i r c u m v e n t e d  b y  h y d r o g e n a t i n g  t h e  
a l k e n e s  f o r m e d ,  h o w e v e r  t h i s  w o u l d  p r o b a b l y  r e q u i r e  t h e  u s e  o f  
c a t a l y s t s  a n d  g e t s  i n t o  s u b j e c t s  m o r e  c o m p l e x  t h a n  we  w i s h  t o  
d i s c u s s  h e r e .  T h i s  a l s o  s u g e ; e s t s  t h a t  f r e e  r a d i c a l  i n i t i a t o r s  
w i l l  h a v e  no e f f e c t  on  c o a l  l i q u e f a c t i o n  p r o c e s s e s .  

A c k n o w l e d g e m e n t  T h i s  w o r k  w a s  s u p p o r t e d  b y  t h e  D O E  o f f i c e  o f  
B a s i c  E n e r g y  S c i e n c e s  u n d e r  c o n t r a c t  D E A  C02-10721A. 
-______ 
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T a b l e  1 T h e r m o d y n a m i c s  of t h e  R e a c t i o n s  of 1.2 an d  3 \ 

A G k c a l / m o l  

- _ _ _  A H  A S  1 0 0  200 300 1100 
- 1 Ph-CH3 + Ph- 1 7 . 6 6  3 2 . 5  5 . 5  2 . 3  - . 9 6  - 4 . 2  

- 2 Ph-CH3 + Ph-CHO 1 . 2 3  53 .0  -18 -24  -29 -34 

- 3 + P h - O H  + Ph'% 10 .30  33.9 - 2 . 3  -5 .7  - 9 . 1  - 1 2 . 5  

T a b l e  2. Rea c t i o n  of 1, 2 and 3 w i t h  V a r i o u s  I n i t i a t o r s  

2 - 3 - 1 I n i t i a t o r / T e m p e r a t u r e  - 

AIBN / 80 NR NR NR 

TPO/138' N R  + NR 

TBD/ 1 80-200° NR + + 

( Ph ) C H C H  ( P h ) / 2 5 0 NR + + 

Ph-0-Ph/ 350° + + + 
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T a b l e  1 Reaction of 2 w i t h  TPO a n d  TBD - 
[ A r O H I  l o g  R i  R x n  O r d e r  _ ______ [ I 1  _---- [ D E E ]  --- 

3.07 TPO/l .12 - -4.07 
2.38 - -4.15 
1.77 - -4.19 .68 
1.46 - -4.29 
1.15 - -4.37 

1.77 1.55 - -4.11 

.61 - -4.36 
1.12 - -4.19 .62 

1.71 1.12 . a7 

2.38 1.12 
1.77 
1.15 

.58 

.37 

.29 

.14 

-4.85 
-4.68 
-4.52 -.61 
-4.49 
-4.36 

.29 -4.41 

-4.62 
-4.49 .67 

3.1 TBD/.51 - 
2.0 - 
1.3 - 
2.0 .82 - 

.51 - 
36 - 

2.0 .51 1 .15 
.89 
.57 
.29 

-3.97 
-4.19 .93 
-4.32 

-3.95 
-4.19 .5  
-4.27 

-4.82 
-4.69 -1.10 
-4.47 
-4.16 
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h S c h e m e  1 

1-1 
k i  + 2 I* 

k H  
I* + D B E  4 I - H  + D B E *  

k 
D B E *  8, P h - C H 2 *  + P h - C H O  

k H  
P h - C H 2 *  + D B E  + P h - C H 3  + D B E "  

- a m  = eki[I1 
a t  

S c h e m e  2 

1-1 

I *  + D B E  

I *  + A r O H  

D B E "  

P h - C H 2 *  + D B E  

P h - C H 2 *  + A r O H  

A r O *  + D B E  

2 A r O *  

k i  

k2 

k 3  

+ 2 I *  

+ I - H  + D E E *  

I - H  + A r O *  

k g  + P h - C H 3  + D B E *  

'6 + P h - C H 3  + A r O *  

k 7  

k T  

+ A r O H  + D B E *  

-> p r o d u c t s  
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MOLECULE-INDUCED HOMOLYSIS I N  COAL CHEMISTRY: RADICAL INTERMEDIATES 
I N  THE THERMAL DECOMPOSITION OF 1,2-DIHYDRDNAPHTHALENE* 

James A. Franz**, Donald M. Camaioni**, Rober t  R. Be i sh l i ne* * *  
and Don Da l l i ng* * * *  

* * P a c i f i c  Nor thwest  Labora to ry ,  Rich land,  WA 99352 
***Weber S ta te  Col lege,  Ogden, UT 84408 

****Department o f  Chemistry, U n i v e r s i t y  o f  Utah, S a l t  Lake City, 
IJT 84112 

Molecule-induced homolys is  (MIH), t h e  process by  which two c l o s e d - s h e l l  
molecules r e a c t  t o  produce f r e e  r a d i c a l s ,  has been recognized as an impor tan t  
c o n t r i b u t i n g  pathway t o  r a d i c a l  i n i t i a t i o n  d u r i n g  coa l  d i s s o l u t i o n ( 1 , Z ) .  The 
p r o d u c t i o n  o f  o rgan ic  r a d i c a l s  by MIH and o t h e r  pathways can lead  i n  s tepwise 
f a s h i o n  t o  t h e  p r o d u c t i o n  o f  h i g h l y  r e a c t i v e  r a d i c a l s  t o  a s i g n i f i c a n t  degree a t  
temperatures>4000C. I n  t h i s  paper, we summarize r e s u l t s  which show t h a t  t h e  
decomposit ion o f  1,2-dihydronaphthalene (DHN) i n v o l v e s  b o t h  1-hydronaphthy l  (1HN) 
and 2-hydronaphthyl (2HN) r a d i c a l s  as w e l l  as 1 - t e t r a l y l  r a d i c a l  and t h a t  t h e  
p r o d u c t i o n  o f  1HN and 2HN leads  t o  t h e  s c i s s i o n  o f  hydrogen atom (He)  and i t s  
p a r t i c i p a t i o n  i n  subsequent hyd roc rack ing  r e a c t i o n s .  

f r a c t i o n a l  d i s t i l l a t i o n .  1,2-Dihydro-4-deuteronaphthalene(DHN-4-d) was prepared 
by  t reatment  o f  1 - t e t r a l o n e  w i t h  l i t h i u m  aluminum t e t r a d e u t e r i d e .  The 1- 
d e u t e r o t e t r a l o l  (219)  was heated a t  100°C f o r  20 minutes a t  reduced p ressu re  w i t h  
KHSO4 (29) f o l l o w e d  by f l a s h  d i s t i l l a t i o n .  The crude p roduc t  was d i s s o l v e d  i n  
hexane, f i l t e r e d  th rough  n e u t r a l  alumina, and concen t ra ted  t o  g i v e  pure ( 99.7%) 
p roduc t  i n  66% o v e r a l l  y i e l d .  Thermal decomposi t ion o f  DHN o r  DHN-4-d was 
c a r r i e d  out b y  degassing and s e a l i n g  t h e  reagen ts  i n  pyrex tubes and p l a c i n g  t h e  
tubes i n  s t a i n l e s s  s t e e l  vesse ls  and su r round ing  the  pyrex tubes w i t h  t e t r a l i n  t o  
balance i n t e r n a l  pressure.  Y i e l d s  o f  products ,  naphthalene, t e t r a l i n  and C20 
compounds were measured by  c a p i l l a r y  gas chromatography ( g c ) .  The C2o products ,  
- 1-5 (F igu re  l ) ,  were i s o l a t e d  from 16 hour r e a c t i o n s  a t  3OO0C by p r e p a r a t i v e  gc 
ana c h a r a c t e r i z e d  by 13C NMR (20 MHz) and IH NMR (300 MHz) and mass spect rometry  
f o r  b o t h  OHN and DHN-4-d p recu rso rs .  Compound 2 was subjected t o  an exchange o f  
i t s  b e n z y l i c  hydrogen by  hea t ing  i n  sodium dimsylate-dg/DMSO-d6 a t  1OOoC. 
o f  DHN and the  reagen ts  o f  Table 1 were c a r r i e d  o u t  a t  425oC f o r  10 minutes and 
t h e  product  m i x t u r e s  were analyzed by  c a p i l l a r y  gc f o r  hydrocracked products .  
Products  were i d e n t i f i e d  by c o i n j e c t i o n  o f  a u t h e n t i c  standards. 

Exper imenta l .  1,2-Dihydronaphthalene ( A l d r i c h )  was p u r i f i e d  by c a r e f u l  

React ions 

Re su l  t s  

Products  o f  t h e  the rmo lys i s  o f  DHN. When DHN i s  heated a t  3OO0C the products ,  
t e t r a l i n  (40  + l o % ) ,  naphthalene (40  + lo%) ,  C2o compounds, 1-5, (15% combined 
y i e l d )  and a v a r i e t y  o f  t r a c e  ( 5%) CTo produc ts  a re  formed.-nhen heated a t  
425oC, C20 compounds comprise l e s s  than  5% o f  t he  products ,  naphthalene i s  formed 
i n  excess o f  t e t r a l i n  and Hp gas i s  formed. 

weights  o f  260, f o u r  a l i p h a t i c  rnethine carbonr ,  4 a T i p h a t i c  methylene carbons, 
S t ruc tu res  o f  Compounds 1-5. Compounds 1 and 2 each e x h i b i t e d  mo lecu la r  

* Th is  work was supported by t h e  U.S. Department o f  Energy, Processes and Tech- 
n iques  Branch, D i v i s i o n  o f  Chemical Sciences, O f f i c e  o f  Basic  Energy Sciences, 
under Contract  DE-AC06-76 RLD-1830. 
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4 unprotonated aromat ic  carbons a long w i t h  t h e  p ro tona ted  aromat ic  carbons as 
determined by off-resonance decoupl ing techniques. 
f U l l Y  reso lved  a l i p h a t i c  hydrogens f o r  each o f  1 and 2. 
e x h i b i t e d  molecular  weights  o f  262, 262 and 258, Homonuclear decoupl ing 
unambiguously es tab l i shed  the s t r u c t u r e  o f  1, as w e l l  as e s t a b l i s h i n g  the  syn 
r e l a t i o n s h i p  o f  hydrogens b and h shown i n  the  s t r u c t u r e  o f  2. 
w i t h  compound 2 removed p ro tons  a, b, c, f , and g, b u t  n o t  d. 
used t o  produce isomers 1-5, deuter ium appeared o n l y  as shown i n  the product  

l H  NMR a t  300 MHz revea led  12 
Compounds 3, 4, and 5 

Deuter ium exchange 
I 

When DHN-4-d was 

, s t ruc tu res .  

Hydrocrack in React ions.  Table 1 p resen ts  hydrocrack ing r e a c t a n t s  and products .  
The modest y i e l d s g o f  p roduc ts  r e f l e c t  t h e  l a r g e  number o f  competing r e a c t i o n s  
which consume H* and do n o t  produce hydrocracked products .  

Discuss ion 

The p r i n c i p l e  i n i t i a t i o n  pathway f o r  the DHN r e a c t i o n  i s  proposed t o  be t h a t  
O f  Equat ion 1. The va lue o f  aHf02g8 f o r  1HN assumes a DHo f o r  t he  3-hydrogen 

1HN 2HN 

30 

kcal /mole 
@ J q * o s  35  56 60 

of DHN t o  be 94.5 k c a l h o l e  c o r r e c t e d  f o r  the d i f f e r e n c e  i n  resonance s t a b i l i z a t i o n  
energy (ARSE) between DHN and I H N  (ARSE), 16.7 kcal/mole, from Herndon's c a l c u l a t i o n s  
( 3 ) .  The value f o r  2HN assumes no resonance s t a b i l i z a t i o n  o f  DHN by t h e  s tyrene-  
l i k e  o l e f i n i c  p o r t i o n  o f  the molecule, g i v i n g  a va lue o f  Thus, t he  
va lue o f  AHf fo r  r e a c t i o n  o f  t he  two molecules o f  DHN t o  g i v e  1 - t e t r a l y l  ( T - )  and 
1HN i s  3'1 k c a l h o l e ,  and 35 k c a l h o l e  t o  produce T* and 2HN.. Other  thermochemical 
va lues i n  Equations 1 and 2 are exper imenta l  va lues o r  es t ima tes  ( 4 ) .  Thus, 
app rec iab le  concen t ra t i ons  o f  b o t h  1HN and 2HN are expected a t  300oC and above. 
Both 1HN and 2HN may undergo e l i m i n a t i o n  o f  H* (Equat ion 2 )  w i t h  a c t i v a t i o n  b a r r i e r s  
o f  30-35 k c a l h o l e ,  assuming 2-3 k c a l  b a r r i e r s  f o r  H -  a d d i t i o n  t o  naphthalene. 

RSE o f  12.4. 

The s t r u c t u r e s  of 1 and 2 are bo th  c o n s i s t e n t  w i t h  t h e  a d d i t i o n  o f  2HN t o  
DHN fo l l owed  by a secona i n t e r n a l  c y c l i z a t i o n  s tep  and hydrogen a b s t r a c t i o n  f rom 
a v a i l a b l e  donors (Equat ions 3, 4 ) .  

The d i f f e r e n t  products  a r i s e  f rom t h e  two d i f f e r e n t  p o s s i b l e  o r i e n t a t i o n s  o f  DHN 
i n  Equat ion 3. 
t o  occur a t  one meth ine and one methylene carbon, as observed. 
s t r u c t u r e s  . a r i s i n g  from lHN, two ad jacen t  meth ine carbons would have been deuterated.  

Both compounds 1 and 2 a r i s e  from face - to - face  i n t e r a c t i o n  o f  DHN and 2HN. 

When DHN-4-d i s  used t o  produce 1 and 2, deu te r ium i s  p r e d i c t e d  
Fo r  poss ib le  

I 
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Compound 4, when produced f rom DHN-4-d, has deuter ium s o l e l y  a t  t h e  p o s i t i o n  
i nd i ca ted .  Th is  d i c t a t e s  t h a t  4 i s  d e r i v e d  from t h e  symmetrical t e r m i n a t i o n  
p roduc t  o f  1-HN which has undergone f u r t h e r  r e d u c t i o n  (Equa t ion  5 ) ,  as opposed t o  

a pathway i n v o l v i n g  t h e  adduct o f  1HN t o  DHN, which would l ead  t o  2 deu te ra ted  
a l i p h a t i c  carbons ( o n l y  one deu te ra ted  methylene i s  observed). 
undergoes a n e t  d i s p r o p o r t i o n a t i o n ,  compound 5 i s  produced. Compound 3 a r i s e s  
f rom e i t h e r  the  t e r m i n a t i o n  o f  To and 1HN fo l i owed  by r e d u c t i o n  o r  the-addi t ion 
o f  T* t o  DHN fo l l owed  by H* a b s t r a c t i o n .  
ev idence t h a t  1 - t e t r a l y l ,  1-hydronaphthy l ,  and 2-hydronaphthy l  r a d i c a l s  are 
impor tan t  i n te rmed ia tes  i n  t h e  decomposi t ion o f  DHN, c o n s i s t e n t  w i t h  t h e  M I H  
pathway of  Equat ion 1. 
t h a t  t h e  pr imary products ,  t e t r a l i n  and naphthalene, were produced i n  a non- 
concer ted  r e a c t i o n ,  b u t  t h e  i n te rmed iacy  of 1HN and 2HN was n o t  e s t a b l i s h e d  
because the s t r u c t u r e s  o f  C2o p roduc ts  were n o t  determined. 
o f  course be produced by H* a b s t r a c t i o n  f rom DHN. 

formed i n  s i g n i f i c a n t  (10-30%) y i e l d s .  
by a d d i t i o n  of H' (compare Benson's s t u d y  o f  cyc lohexadiene ( 6 ) )  a t  t h e  i pso  
p o s i t i o n  of  t h e  aryl group f o l l o w e d  by  depar tu re  o f  t he  s u b s t i t u e n t  r a d i z  The 
source of H-  must be t h e  e l i m i n a t i o n  o f  H* from r a d i c a l s  such as 1HN and 2HN w i t h  
modest b a r r i e r s  o f  30-35 kcal /mole.  Thus, t h e  process of  molecule- induced homolysis 
which occurs between s t r u c t u r e s  which a r e  r e l a t i v e l y  e a s i l y  o x i d i z e d  o r  reduced, 
toge the r  w i t h  cha in  decomposi t ion s teps,  leads u l t i m a t e l y  t o  hydrogen atoms, w i t h  
no i n te rmed ia te  s tep  r e q u i r i n g  more than  35 kcal/mole. 
reduced s t r u c t u r e s  i n  c o a l ,  o r  compounds capable o f  e x c e p t i o n a l l y  s t a b l e  r a d i c a l s  
thus  probably  p l a y  an e s s e n t i a l  r o l e  i n  i n i t i a t i o n  pathways d u r i n g  coa l  d i s s o l u t i o n  
l e a d i n g  u l t i m a t e l y  t o  the  c leavage of s t r o n g  C - C  bonds. 

I f  i n t e r m e d i a t e  f? 

Thus, these p roduc ts  p rov ide  conv inc ing  

I t  was p r e v i o u s l y  e s t a b l i s h e d  by Heesing and M u l l e r  ( 5 )  

Both 1HN and 2HN can 

A t  h igher  temperatures (>4000C), C2o p roduc ts  a re  i n s i g n i f i c a n t  and H2 i s  
The p roduc ts  o f  Table 2 are bes t  exp la ined  

P a r t i a l l y  o x i d i z e d  o r  

1 5 2  



Reagent (wt . ,  mg) DHN (wt.,  mg) Products  ( %  y i e l d ) a  

Phenylether (450)  82 Phenol (1.4%) 
Diphenylmethane (207) 35 Toluene (2.6%) 
T e t r a l i n  (92) 13 n - b u t y l  benzene (5.1%) 

l 2,6-Dimethylnaphthalene (74 )  24 2-methyl naphthalene (2.6%) 

a Mole produced per mole DHN consumed. 
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THERMAL CRACKING OF COAL MODEL D I A R Y L  ETHERS I N  T E T R A L I N  SOLUTION 

Y .  Kamiya, E. Ogata, K.  Goto, and T. Nomi 

Faculty of Engineering, University of Tokyo 
Hongo, Tokyo, Japan, 113 

1 .  INTROOUCTION 

Recently, the importance of aromatic ether structure(1,Z) in coal molecule has 
been stressed, and so the thermal cracking of several aromatic ethers has been 
studied by several workers(3,4), in order to elucidate the coal liquefaction 
mechanism. 

It is known that aliphatic ethers can be easily decomposed, but diaryl ethers 

Previously, we have reported that some diaryl ethers with polycyclic aromatic 

In this paper, we wish to report the effect of ring structure of polycyclic 

such as diphenyl ether are quite stable at temperatures as high as 450°C. 

ring(5) were cracked relatively easily at 450°C. 

aromatic ether as well as the effect of solvent on the thermolysis of diaryl ether, 
since aryl ether is one of key structures in coal liquefaction. 

2 .  EXPERIMENTAL 

Tetralin and other solvents were reagent grade and used after washing with 
sulfuric acid, alkali and water 
pressure. Diary1 ethers were synthesized by refluxing a mixture of aryl bromide, 
phenolic compound, Cu20 and y-collidine for reaction time from 100 to 400 hr. 
According to repeated purification by Si02-A1203 column and recrystallization, 
diaryl ethers employed were of purities above 99%. 

autoclave. After pressurizing with hydrogen, the autoclave was heated to reaction 
temperature within 25 min and maintained at the reaction temperature during the 
reaction time. At the completion of an experiment, the autoclave was cooled by 
electric fan to room temperature. 
chromatographic analysis to determine the yield of products. 

3. RESULT AND DISCUSSION 

3.1 Thermolysis of dinaphthyl ethers 

and subsequent distillation at 70°C under reduced 

Solvent and diaryl ether were added to 90 ml magnetic stirring(1000 rpm) 

The reaction products were subjected to gas 

The conversion of 1 , Z ' -  and 2,2'-dinaphthyl ethers in tetralin at 430°C was 
Almost linear relations indicate plotted against the reaction time in Figure 1. 

f 
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t h a t  the  conversion of e the r s  i s  of f i r s t  order with respec t  t o  subs t r a t e  
concentration and the  f i r s t  o rder  r a t e  constants a r e  ca lcu la ted  t o  be 4.7 x 
and 2.8 x 
of naphthols was p lo t ted  aga ins t  the  residence time a s  shown in Figure 2 .  
of 1-naphthol t o  2-naphthol from 1,2'-dinaphthyl e the r  was 1 t o  4 ,  indicating t h a t  
2-naphthoxy rad ica l  i s  favorably formed. 

f i r s t  order r a t e  constants of cgnvsvsion in t e t r a l i n  were measured t o  be 4 x 
and 3.5 x 

t 
sec- '  f o r  1 ,Z ' -  and 2,2 '-dinaphthyl e t h e r s ,  respec t ive ly .  The y i e ld  

The r a t i o  

1-Naphthol and 2-naphthol were confirmed t o  be not 53 s t a b l e  a t  430°C and t h e i r  

sec- '  a t  430°C respec t ive ly .  
On the bas i s  of the  above r a t e  constants the  cracking r a t e  constant of 

dinaphthyl e the r s  t o  naphthols can be ca lcu la ted  t o  be 2.3 x 
sec- '  f o r  1 , 2 ' -  and 2,2 '-dinaphthyl e the r s .  

3.2 

a n d  1 .25  x 

Effect of chemical s t ruc tu re  of aryl e t h e r  the reaction r a t e  of thermolysis 

Nine kinds of d ia ry l  e the r  with phenyl, diphenyl,  naphthyl, phenanthryl and 
anthryl groups were t r ea t ed  in t e t r a l i n  so lu t ion  a t  430°C f o r  5 hr,  as shown in 
Table 1 .  Diphenyl e the r  was very s t a b l e ,  b u t  phenanthryl or  anthryl e thers  have 
shown very high conversion values.  

Generally, the  conversion r a t e  constant of d ia ry l  e the r s  increased with 
increasing the number of polycyclic aromatic r ing  of aryl s t ruc tu re .  

The r a t e  of conversion of phenyl aryl e the r  increased as the  following order 
with respect t o  aryl  group: Phenyl < Diphenyl < 2-Naphthyl < I-Naphthyl < 

Phenanthryl < Anthryl. 
Apparent r a t i o  of the  cracking r a t e  of aryl-oxygen bond of d ia ry l  e ther  can be 

ca lcu la ted  on the  bas i s  o f  the r a t e  of formation of phenolic compound from e the r  
along with the r a t e  of e l imina t ion  of corresponding phenolic compound. 
very complex reac t ion  system these ca lcu la ted  values in Table 2 can not be evaluated 
with high accuracy, b u t  i t  seems t o  show t h a t  the bond d issoc ia t ion  energy of 
phenyl-oxygen bond i s  the  highest  and t h a t  of aryl oxygen bond decreases with 
increasing the number o f  polycyclic r ing .  

I n  order t o  make c l e a r e r  the e f f e c t  of aromatic s t ruc tu re  on the r a t e  of 
cracking, several d ia ry l  e the r s  were t r ea t ed  in  1-methylnaphthalene, a poor hydrogen 
donating so lvent ,  a t  450OC f o r  2 hr a s  shown in Table 3.  
of so lu t ion  a f t e r  reac t ion  was dark brown, ind ica t ing  t h a t  polymerization reaction 
took place.  
r a t e  constant was almost the  same as  the  order in t e t r a l i n ,  t h a t  i s ,  the  r a t e  
constant increased with increasing the number of polycyclic aromatic ring of d ia ry l  
e the r .  
than in methylnaphthalene. 

Because of 

I n  t h i s  ca se ,  the co lor  

The order of r e a c t i v i t y  of d ia ry l  e the r s  evaluated by the  conversion 

However, the  d i f fe rence  in the  r e l a t i v e  value of k was l a rge r  in t e t r a l i n  

3.3 Solvent e f f e c t  
Above r e s u l t s  lead U S  t o  fu r the r  experiments on solvent e f f e c t  in cracking i 
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reaction. 
AS shown in Table 4, the effect of hydrogen donor solvent on the pyrolysis of 

2,2'-dinaPhthyl ether was most remarkable. 
I-methylnaphthalene, the conversion of dinaphthyl ether was only 23%, but it was 
increased to 39% in tetralin and to 93% in 9,lO-dihydroanthracene. 
n-hexadecane, this compound itself was cracked remarkably at 430°C and so could be a 
good hydrogen donor because of radical and olefin formations. Decalin also could be 
a hydrogen donor for hydrogenation of naphthalene nucleus. 

constant in dihydroanthracene was five times as large as in tetralin. 
Dihydroanthracene itself was comletely converted to other compounds by complex 
reactions involving dehydrogenation and disproportionation. The accelerating effect 
due to dihydroanthracene was so great that even diphenyl ether being the most stable 
diaryl ether was cracked to the conversion of 13.3% at 430°C in 5 hr. 
It was also observed that the conversion of 2,Z'-dinaphthyl ether was 
proportionally increased with the concentration of dihydroanthracene in 
1-methylnaphthalene. 

diaryl ethers can be attributed to the hydrogenation of aromatic rings by hydrogen 
transfer, because the hydrogen transfer reaction really occurs and the cracking of 
aliphatic ether proceeds very rapidly. 
from 2,Z'-dinaphthyl ether by Pd-Pt catalyst was found to be cracked more rapidly 
than dinaphthyl ether. 

is, the rate constant of conversion of 2,2'-dinaphthyl ether was increased from 
2.8 x to 7.8 x 

It is known that hydrogen donor such as tetralin can partially hydrogenate 

In a poor hydrogen donor such as 

As for 

The effect of dihydroanthracene was outstanding, and so the conversion rate 

The marked solvent effect by hydrogen donors on the conversion of polycyclic 

A mixture of partially hydrogenated products 

Another interesting solvent effect was observed in the case of naphthol, that 

sec-' by the addition of 269 of 1-naphthol. 

aromatic nucleus(5) but not effective for the cracking of resulting aliphatic 
structure. 
has been ascribed to the hydrogenation and stabilization of coal fragments being 
thermally produced. 

so effective for the thermal cracking of coal and the successive oil formation 
reaction. 

Therefore, the main role of hydrogen donor solvent in coal liquefaction 

If hydrogen donor only plays a role stabilyzing coal fragments, it would not be 

The remarkable effect of hydrogen donor on the cracking of polycyclic aromatic 
ethers would be a good explanation for the effective degradation of coal molecule in 
the presence of hydrogen donor solvent. 

4. CONCLUSION 

Nine kinds of diaryl ether were thermally cracked at 430°C in tetralin or 
1-methylnaphthalene solutions and the following conclusions were obtained. 

1 5 7  



1 .  The r a t e  of conversion of d i a ry l  e the r  increased w i t h  increasing the  number 

of polycyclic aromatic r ing  of the  e t h e r .  
The cracking reac t ion  of d ia ry l  e the r  was o f  f i r s t  order  with respec t  t o  
e ther  concent ra t ion .  
In the case  o f  phenyl po lycycl ic  a ry l  e t h e r s ,  phenol was preferab ly  formed 
r a the r  than the o ther  po lycycl ic  aromatic phenols a s  cracking products.  
Hydrogen donor so lvent  and naphthol acce lera ted  remarkably the  cracking 
reac t ion  o f  diary l  e the r s .  

2. 

3. 

4. 
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Figure 1 .  Thermal Cracking of Dinaphthyl Ethers i n  Te t r a l in  a t  430°C 
( Ether 5.09, Tet ra l in  30 m l ,  I n i t i a l  P 50 kg/cm2 ) H2 

158 



TABLE 1 THERMAL CRACKING OF DIARYL ETHERS IN TETRALIN AT 430°C FOR 5 H R  
( Ether 5.09, Te t ra l in  30 ml, I n i t i a l  P 50 kg/cm2 I H2 

i 
Ether Conversion(%) k*! 1 0-6sec-1 Products Y ield(mole%) Value of k 

Diphenyl e the r  3.0 
4 -Phenoxy 7.6 

2-Phenoxy 12.8 

1 -Phenoxy 38.0 

9-Phenoxy 53.0 

diphenyl 

naphtha 1 ene 

naphthalene 

phenanthrene 

anthracene 
2,2 ' - D  i nap h thy1 

e the r  

9-Phenoxy ( >99.9 ( 

39.2 

l,Z'-Dinaphthyl 57.0 
e the r  

2-Naphthyl - 66.1 
9-phenanthryl 

e t h e r  

* l ;  First order r a t e  cons tan t .  

1.7 1 .o 
4.4 2.6 

7.6 4.5 

26.6 15.7 

42.0 24.9 

27.6 16.3 

46.9 27.8 

60.1 35.5 

Phenol 0.84 
Phenol 1.51 
4-Phenylphenol 1.65 
Phenol 4.64 
2-Naphthol 1.16 
Phenol 17.0 
1-Naphthol 1.67 
Phenol 27.1 
9-Phenanthrol 4.12 
Phenol 72.8 
Anthrone 0.53 
2-Naphthol 12.8 
1 ,PI-Dinaphthyl 

e t h e r  4.7 
2-Naphthol 19.5 
1-Naphthol 4.6 
E,P'-Dinaphthyl 

e t h e r  2.2 
2-Naphthol 19.1 
9-Phenanthrol 4.4 

30 I I 
2-Naphthol from l,Z'-Dinaphthy=her .-----. 

2-Naphthol f ron  
2,2'-Oinaphthyl e t h e r  

I ' 1-Naphthol from 1 ,E'-Dinaphthyl e the r  
? / .  / A  A- 
%/-A- , ,  

0 2 4 6 8 10 
Time, hr 

Figure 2 .  Reaction Products from Thermal Cracking o f  Dinaphthyl e the r  

2 i n  Te t ra l in  a t  430°C. 
( Ether 5.09,  Te t ra l in  30 ml, I n i t i a l  PH2 50 kg/cm ) 
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TABLE 2 THERMAL CRACKING RATE CONSTANT OF DIARYL ETHER 

D i a r y l  E the r  
Cleaved Aryl-Oxygen 
Bond k,  10-6 sec-1 

F i r s t  Order Rate Constant 

Diphenyl e t h e r  Phenyl-Oxygen 0.52 

I-Phenoxy naphthalene 1-Naphthyl-Oxygen 13.0 
Phenyl -Oxygen 1.7 

2-Phenoxy naphthalene 2-Naphthyl -Oxygen 3.1 
Phenyl-Oxygen 1 .o 

1 ,E'-Dinaphthyl e t h e r  1-Naphthyl-Oxygen 22.6 
2-Naphthyl-Oxygen 5.6 

Z,P'-Dinaphthyl e t h e r  2-Naphthyl -Oxygen 12.5 

TABLE 3 THERMAL CRACKING OF DIARYL ETHERS I N  1-METHYLNAPHTHALENE AT 450°C FOR 2 HR 
2 ( E the r  5.09, So lven t  30 m l ,  I n i t i a l  PAr 50 kg/cm ) 

D i a r y l  Ether  Convers ion(%) k ,  sec-' R e l a t i v e  Value o f  k 

Diphenyl  e t h e r  8.3 1.2 

2-Phenoxy naphthalene 22.2 3.5 

1-Phenoxy naphthalene 68.2 15.9 

9-Phenoxy phenanthrene 81 .I 23.1 

Z,E'-Dinaphthyl e t h e r  38.7 6.8 

1,2 ' -Dinaphthy l  e t h e r  80.0 22.4 

1 .o 
2.9 

13.3 

19.3 

5.7 

18.7 

TABLE 4 EFFECT OF SOLVENT ON THE THERMAL CRACKING OF 2,2'-DINAPHTHYL ETHER 
AT 430°C FOR 5 HR 

( E the r  5.09, So lven t  30 m l ,  I n i t i a l  P 50 kg/cm2 ) 
H2 

So lven t  Conversion o f  E t h e r ( % )  k ,  sec-'  

1-Methylnaphthalene 23 

n-Hexadecane 31 

c i s-Decal i n  38 

Te t ra1  i n  39 

9, lO-Dihydroanthracene 93 

14 

20 
27 

28 

153 
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THE KINETICS OF CATALYTIC HYDROGENATION OF PYRENE-- 
IMPLICATIONS FOR D I R E C T  COAL LIQUEFACTION PROCESSING* 

H .  p .  S t e p h e n s  and  R .  N .  Chapman 

Sand ia  N a t i o n a l  L a b o r a t o r i e s ,  A lbuquerque ,  NM 87185 

INTRODUCTION 

Al though  r e c y c l i n g  heavy s o l v e n t s  h a s  r e c e n t l y  r e - e m e r g e d  1 , 2 , 3 , 4  
a s  a key t o  c u t t i n g  t h e  c o s t  o f  d i r e c t  c o a l  l i q u e f a c t i o n ,  l i t t l e  d a t a  
f o r  t h e  h y d r o g e n a t i o n  o f  heavy s o l v e n t  d o n o r s  have  b e e n  r e p o r t e d .  
T h i s  s t u d y  a d d r e s s e s  t h e  k i n e t i c  and  thermodynamic  a s p e c t s  of c a t a -  
l y t i c  h y d r o g e n a t i o n  o f  p y r e n e ,  a d o n o r  s o l v e n t  p r e c u r s o r  t h o u g h t  t o  
p l a y  an  i m p o r t a n t  r o l e  i n  c o a l  l i q u e f a c t i o n  p r o c e s s e s  t h a t  u s e  heavy  
r e c y c l e  s o l v e n t s  . 5 , 6  

d i -  ( H  P y ) ,  t e t r a -  ( H  P y ) ,  h e x a -  (H6Py) ,  d e c a -  (Hl0Py) ( F i g u r e  1 )  and  
p e r h y d f o -  ( H  P y )  s p e j i e s  v i a  a complex  mechanism i n v o l v i n g  a ne twork  
o f  r e v e r s i b l k 6 p a r a l l e l  and  s e r i e s  r e a c t i o n s .  
have  d e a l t  w i t h  a s p e c t s  o f  p y r e n e  h y d r o g e n a t i o n ,  i n c l u d i n g  h y d r o -  
c r a c k i n g  r e a c t i o n s  , 7  r e a c t i o n  p r o d u c t  d i s t r i b u t i o n s 8  y 9  and  the rmo-  
dynamic p r o p e r t i e s  , lo  t h e  k i n e t i c s  o f  h y d r o g e n a t i o n  have  n o t  been  
p r e v i o u s l y  r e p o r t e d .  

In  t h e  p r e s e n c e  o f  a c a t a l y s t ,  p y r e n e  (Py)  i s  h y d r o g e n a t e d  t o  

Though s e v e r a l  s t u d i e s  

EX PER IMENTAL 

T h i r t y - s i x  b a t c h  h y d r o g e n a t i o n  e x p e r i m e n t s  were p e r f o r m e d  w i t h  
s o l u t i o n s  o f  9 . 1  w t  % p y r e n e  i n  n - h e x a d e c a n e ,  wh ich  a p p r o x i m a t e d  t h e  
c o n c e n t r a t i o n s  found  i n  i n t e g r a t e d  t w o - s t a g e  l i q u e f a c t i o n  r e c y c l e  
s o l v e n t s . 1 1  To e v a l u a t e  t h e  e f f e c t s  o f  r e a c t i o n  c o n d i t i o n s  on t h e  
k i n e t i c s  o f  h y d r o g e n a t i o n ,  r e a c t i o n s  were p e r f o r m e d  o v e r  a r a n g e  o f  
c o n d i t i o n s :  T e m p e r a t u r e s  o f  348 ,  374 and  394OC, p r e s s u r e s  o f  5 0 0 ,  
1250 and  2000 p s i g ,  and c a t a l y s t / p y r e n e  w e i g h t  r a t i o s  o f  0 . 0 5 ,  0 . 1 5  
and  0 . 4 5 .  S e v e r a l  e x p e r i m e n t s  p e r f o r m e d  w i t h o u t  c a t a l y s t  c o n f i r m e d  
t h a t  c o n t r i b u t i o n s  of homogeneous r e a c t i o n s  and  r e a c t o r  w a l l  e f f e c t s  
were  i n s i g n i f i c a n t .  I n  a d d i t i o n ,  s e v e r a l  c a t a l y z e d  e x p e r i m e n t s  
p e r f o r m e d  w i t h  h e x a h y d r o p y r e n e  p r o v e d  t h e  e x i s t e n c e  o f  r e v e r s i b l e  
r e a c t i o n  s t e p s .  

M a t e r i a l s .  P y r e n e ,  h e x a h y d r o p y r e n e ,  and  n - h e x a d e c a n e  were u s e d  a s  
o b t a i n e d  f rom A l d r i c h  Chemica l  Company. M o d i f i e d  S h e l l  324 ,  a Ni-Mo/ 
a l u m i n a  c a t a l y s t  c u r r e n t l y  u s e d  i n  t h e  second  s t a g e  o f  i n t e g r a t e d  
t w o - s t a g e  p i l o t  p l a n t  o p e r a t i o n s , 2  was added  t o  t h e  r e a c t o r s  a s  a 
-200 mesh powder .  High p u r i t y  hydrogen  ( 9 9 . 9 9 9 % )  was u s e d  i n  a l l  t h e  
e x p e r i m e n t s .  

A p p a r a t u s  and  P r o c e d u r e .  -The b a t c h  r e a c t i o n s  were p e r f o r m e d  i n  
s t a i n l e s s  s t e e l  m i c r o r e a c t o r s  , I 2  e q u i p p e d  w i t h  t h e r m o c o u p l e s  and 
p r e s s u r e  t r a n s d u c e r s ,  w i t h  a l i q u i d  c a p a c i t y  o f  3 . 6  cm3 and  a g a s  
volume o f  2 2  cm3. Four  r e a c t o r s  c o u l d  b e  o p e r a t e d  s i m u l t a n e o u s l y .  
A f t e r  t h e  r e a c t o r s  were c h a r g e d  w i t h  1 0 0  mg o f  p y r e n e ,  1 g o f  
n - h e x a d e c a n e  and  5 ,  1 5  o r  45 mg o f  c a t a l y s t ,  t h e y  were p r e s s u r i z e d  
w i t h  hydrogen  (420 ,  1 0 5 0  o r  1850 c o l d  c h a r g e ) ,  and  h e a t e d  t o  t e m p e r a -  
t u r e  ( t i m e  t o  t e m p e r a t u r e  = 1 min)  i n  a f l u i d i z e d  s a n d  b a t h  w h i l e  
* T h i s  work s u p p o r t e d  b y  t h e  U.S. Dep t .  o f  E n e r g y ,  C o n t r a c t  No. 
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b e i n g  h o r i z o n t a l l y  s h a k e n  a t  200 c y c l e s / m i n .  T e m p e r a t u r e s  a n d  
p r e s s u r e s  were r e c o r d e d  w i t h  a d i g i t a l  d a t a  a c q u i s i t i o n  s y s t e m  d u r i n g  
t h e  C o u r s e  o f  t h e  e x p e r i m e n t s .  F o l l o w i n g  t h e  h e a t i n g  p e r i o d ,  t h e  
r e a c t o r  v e s s e l s  were  r a p i d l y  quenched  t o  ambien t  t e m p e r a t u r e  ( t i m e  o f  
quench  = 1 0  s e c ) ,  and t h e  p r o d u c t s  o f  t h e  e x p e r i m e n t  were removed f o r  
a n a l y s e s .  I t  was e s t i m a t e d  f rom t h e  r e a c t o r  h e a t - u p  a n d  quench  r a t e s  
t h a t  t h e  time a t  t e m p e r a t u r e  c o u l d  b e  d e t e r m i n e d  t o  w i t h i n  0 . 5  min. 
T e m p e r a t u r e s  c o u l d  b e  m a i n t a i n e d  c o n s t a n t  t o  w i t h i n  + 2 O C  and 
p r e s s u r e s  t o  w i t h i n  5 2 0  p s i g  d u r i n g  t h e  h e a t i n g  p e r r o d  o f  t h e  
e x p e r i m e n t s .  

P r o d u c t  A n a l y s e s .  The p r o d u c t s  were  washed f rom t h e  r e a c t o r  w i t h  
t o l u e n e ,  f i l t e r e d  t o  remove c a t a l y s t  and t r a n s f e r r e d  t o  a v o l u m e t r i c  
f l a s k .  F o l l o w i n g  a d d i t i o n  o f  an  i n t e r n a l  s t a n d a r d  ( Z - m e t h y l n a p h t h a -  
k n e j ,  t h e  p r o d u c t  s o l u t i o n  was b r o u g h t  t o  5 0  m l  w i t h  a d d i t i o n a l  
t o l u e n e  and  a n a l y z e d  by g a s  ch romatography  ( H e w l e t t - P a c k a r d  5 8 4 0 A  
w i t h  f l ame  i o n i z a t i o n  d e t e c t i o n  F I D )  u s i n g  t h e  f o l l o w i n g  c o n d i t i o n s :  
1 / 8  i n  x 1 0  f t  column w i t h  S u p e l c o  1 0 %  SP-2100 on 100/120 S u p e l c o p o r t ,  
t e m p e r a t u r e  220°C, n i t r o g e n  c a r r i e r  g a s  20 c c / m i n .  

Gas chromatography /mass  s p e c t r o m e t r y  t e c h n i q u e s  were  used  t o  
i d e n t i f y  t h e  o r d e r  o f  e l u t i o n  o f  components  o f  t h e  r e a c t i o n  m i x t u r e ,  
wh ich  a g r e e d  w i t h  p r e v i o u s l y  p u b l i s h e d  r e s u l t s  . 9  
s i s  o f  t h e  r e a c t i o n  m i x t u r e  was a c c o m p l i s h e d  u s i n g  e x t e r n a l  and 
i n t e r n a l  s t a n d a r d s .  The e x t e r n a l  s t a n d a r d ,  a s o l u t i o n  o f  2 - m e t h y l -  
n a p h t h a l e n e ,  n - h e x a d e c a n e ,  p y r e n e  and  1,2,3,6,7,8-hexahydropyrene i n  
t o l u e n e  was u s e d  t o  o b t a i n  F I D  r e s p o n s e  f a c t o r s  f o r  t h e  componen t s  
r e l a t i v e  t o  t h e  i n t e r n a l  s t a n d a r d ,  2 - m e t h y l n a p h t h a l e n e .  These  w e r e  
0 . 9 9  f o r  n - h e x a d e c a n e ,  1 . 1 0  f o r  h e x a h y d r o p y r e n e  and  1 . 0 4  f o r  p y r e n e .  
The r e l a t i v e  r e s p o n s e  f o r  h e x a h y d r o p y r e n e  was used  f o r  t h e  o t h e r  
h y d r o p y r e n e s .  The w e i g h t s  (11') o f  n - h e x a d e c a n e ,  p y r e n e  and  h y d r o -  
p y r e n e s  i n  e a c h  sample  were  c a l c u l a t e d  f rom t h e i r  G C  chromatogram 
a r e a s  (A),  t h e  r e s p o n s e  o f  2 - m e t h y l n a p h t h a l e n e  (Rmn) and t h e i r  
r e l a t i v e  r e s p o n s e  (Rr ) .  

Q u a n t i t a t i v e  a n a l y -  

The c o n c e n t r a t i o n  o f  p y r e n e  and  h y d r o p y r e n e s  was c a l c u l a t e d  on a 
m o l a l ,  moles /1000 g h e x a d e c a n e ,  b a s i s .  C o n c e n t r a t i o n  was n o r m a l i z e d  
t o  i n i t i a l  p y r e n e  c o n c e n t r a t i o n  f o r  t h e  k i n e t i c  c a l c u l a t i o n s .  

CALCULATIONS 

A s  a f i r s t  s t e p  i n  d e l i n e a t i n g  t h e  o v e r a l l  r e a c t i o n  n e t w o r k  f o r  
c a t a l y t i c  p y r e n e  h y d r o g e n a t i o n ,  t h e  h y d r o g e n a t i o n  o f  p y r e n e  t o  4 , s -  
d i h y d r o p y r e n e  ( e q u a t i o n  1) was a n a l y z e d :  

The a s s u m p t i o n  t h a t  p y r e n e  i s  n o t  fo rmed  d i r e c t l y  f rom h y d r o p y r e n e s  
o t h e r  t h a n  KzPy and d o e s  n o t  d i r e c t l y  form h y d r o p y r e n e s  o t h e r  t h a n  
H Py i s  s u p p o r t e d  by  r e p o r t e d  s t u d i e s  o f  h y d r o g e n a t i o n  p r o d u c t  d i s t r i -  
b 6 t i o n s  a s  a f u n c t i o n  o f  t e m p e r a t u r e  and  p r e s s u r e . 9  Because  t h e  h y d r o -  
gen  c o n c e n t r a t i o n  was i n  e x c e s s  d u r i n g  t h e  r e a c t i o n s  ( e . g . ,  minimum o f  
26 moles o f  H2 p e r  mole P y ) ,  t h e  r a t e s  c a n  h e  mod.elled b y  p s e u d o  
f i r s t - o r d e r  k i n e t i c s :  

162 

I 



[PYI,, [H2Pyln molar concentrations of pyrene and dihydropyrene 
respectively, relative to the initial concentration 
of pyrene after n time intervals. 

: pseudo first-order rate constants. kl, k-1 

: an empirical function derived by performing a 
least squares fit [ H  Py] vs time data using 
piecewise cubic splihes. 

The values of k and k were determined by performing a mini- 
mization on F in equation ( a j :  

j .  
[Pylj*, [H2Pylj* E experimental concentrations at time t 

5 calculated concentrations at time t. ['YIn/ tn-tj' [H2PYInJ t =t. 3 '  
n 1  

The values of [Py] and [H2Py] 
[Py] * = 1 and [H2Py] [H2Py] * ="O and numerically integrating 
equaeions ( 2 )  and (3)Ousing a f8urth order Runge-Kutta algorithm. 

were estimated by setting [Pyla = 

RESULTS AND DISCUSSION 

Qualitative aspects of the kinetics of pyrene hydrogenation may 
be obtained from curves of concentration vs time, at constant temp- 
erature and pressure, for the major species of the system. Figure 2 
shows curves at 348OC and 1 2 5 0  psig for the concentration of pyrene 
and 4,5-dihydropyrene (H2Py) and Figure 3 for 4,5,9,10-tetrahydro- 
pyrene (H Py), 1,2,3,6,7,8-hexahydropyrene ( H  Py) and 1,2,3,3a,4,5- 
hexahydro8yrene ( I - H  Py). 
hydrogenated specie 8ith the largest concentration is H2Py followed 
by H Py, H Py and I-H Py. .For these experiments, the concentration 
of dgca- atd perhydro8yrenes was less than 1% of the product mixture. 

The kinetics and thermodynamics of the formation of 4,5-dihydro- 
pyrene are discussed below with respect to the effect of catalyst/ 
pyrene ratio, hydrogen pressure and temperature. 

Catalrst/Pyrene Ratio. vs cata- 
lyst ;eight f o r  experiments performed at 348'C and 1 2 5 0  p;ig pressure. 
As can be seen from Figure 4, kl for hydrogenation of pyrene and k-l 
for dehydrogenation of dihydropyrene are proportional to catalyst 
weight, which is proportional to active surface area. 

As can be seen frog the figures, the 

Figure 4 shows a plot of kl and k 

I 
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H d r o g e n  P r e s s u r e .  From a p l o t  of k and k-$  vs .HA p r e s s u r e ,  F i g u r e  5 ,  
can b e  s e e n  t h a t  whi le  k l  i s  l i n e a r l y  p r o  o r t i o  a1 t o  p r e s s u r e  up 

t o  1250 p s i g ,  k i s  r e l a t i v e l y  i n d e p e n d e n t  o f  p r e s s u r e .  T h i s  s u p p o r t s  
t h e  a s s u m p t i o n  f i a t  e q u a t i o n  (1) i s  t h e  o n l y  r e a c t i o n  d i r e c t l y  i n v o l v -  
i n g  Py up t o  p r e s s u r e s  o f  a t  l e a s t  1 2 5 0  p s i g .  However, t h e  h i g h  f o r -  
ward  r a t e  c o n s t a n t  a t  2000 p s i g  may i n d i c a t e  a c h a n g e  i n  r e a c t i o n  
mechanism. I n  a d d i t i o n  t o  t h e  k i n e t i c  p a r a m e t e r s ,  t h e  p r e s s u r e  e a u i l -  
i b r i u m  c o n s t a n t  and  h e a t  o f  r e a c t i o n  may b e  c a l c u l a t e d  f o r  h y d r o g e n a -  
t i o n  of Py t o  H2Py. 
as  

The p r e s s u r e  e q u i l i b r i u m  c o n s t a n t  K i s  d e f i n e d  
P 

1 [HZPYl - 1 k i  
( 5 )  K =  _ _ -  

w h e r e  P ,  t h e  h y d r o g e n  p a r t i a l  p r e s s u r e ,  i s  t a k e n  as  t h e  h y d r o g e n  
f u g a c i t y .  Based on  t h e  r a t e  c o n s t a n t s  o b t a i n e d  a t  348°C f o r  3 p r  s 
s u r e s  and c a t a l  s t / p y r e n e  r a t i o s ,  K was found t o  b e  7.24 x l o - '  
0 . 6 1  x l o - '  p s i g - 1 .  
d a t a ,  4 .77 x 1 0 - 4  and  3 .14  px 1 0 - 4  p s i g - 1  r e s p e c t i v e l y ,  t h e  h e a t  o f  
h y d r o g e n a t i o n  AH o f  p y r e n e  t o  d i h y d r o p y r e n e  c a n  b e  o b t a i n e d  from a 
v a n ' t  Hoff p l o t  shown i n  F i g u r e  6 .  The e n t h a l p y  o f  h y d r o g e n a t i o n  was 
f o u n d  t o  b e  - 1 5  k c a l / m o l e ,  w h i c h  i s  c o m p a r a b l e  t o  v a l u e s  f o r  h y d r o -  
g e n a t i o n  o f  o t h e r  p o l y n u c l e a r  a r o m a t i c s  . I3  

T e m p e r a t u r e .  F i g u r e  7 shows a n  A r r h e n i u s  p l o t  o f  r a t e  c o n s t a n t s  k l  
a n  The a p p a r e n t  a c t i v a t i o n  e n e r g i e s  o b t a i n e d  f rom F i g u r e  6 
fo: : h Q * h y d r o g e n a t i o n  o f  p y r e n e  and d e h y d r o g e n a t i o n  o f  d i h y d r o p y r e n e  
w e r e  found t o  b e  28 and 46 k c a l / m o l e  r e s p e c t i v e l y  f o r  S h e l l  324 
c a t a l y s t .  A s  c a n  b e  s e e n  f rom F i g u r e  7 ,  a l t h o u g h  t h e  f o r w a r d  and 
r e v e r s e  r a t e  c o n s t a n t s  a r e  n e a r l y  e q u a l  a t  348OC, t h e  r e v e r s e  r a t e  
c o n s t a n t  i s  o v e r  twice  t h a t  o f  t h e  f o r w a r d  r a t e  a t  394OC. T h e r e f o r e ,  
a l t h o u g h  b o t h  r e a c t i o n  r a t e  c o n s t a n t s  i n c r e a s e  w i t h  t e m p e r a t u r e ,  
d e h y d r o g e n a t i o n  i s  f a v o r e d  o v e r  h y d r o g e n a t i o n  a t  t e m p e r a t u r e s  above  
350 O C  . 

From K v a l u e s  o g t a i n e d  from t h e  374 and  394OC- 

CONCLUSIONS 

Ult imate  a p p l i c a t i o n  o f  t h i s  k i n e t i c  and thermodynamic  d a t a  t o  
d i r e c t  coal l i q u e f a c t i o n  must  t a k e  i n t o  c o n s i d e r a t i o n  t h e  c o n d i t i o n s  
imposed by t h e  p a r t i c u l a r  p r o c e s s  u s e d .  However, two g e n e r a l i z a t i o n s  . 
may b e  made r e g a r d i n g  h y d r o g e n  s u p p l i e d  b y  t h e  d i h y d r o p y r e n e  component 
o f  d o n o r  s o l v e n t s :  (1) I n c r e a s i n g  h y d r o g e n  p a r t i a l  p r e s s u r e  i n c r e a s e s  
b o t h  t h e  r a t e  a t  which  H2Py i s  formed and t h e  e q u i l i b r i u m  c o n c e n t r a -  
t i o n  o f  H Py. T h e r e f o r e ,  p y r e n e  r e h y d r o g e n a t i o n  s h o u l d  b e  done a t  a s  
h i g h  a p r z s s u r e  as  i s  c o s t  e f f e c t i v e .  
t e m p e r a t u r e  f a v o r s  t h e  r a t e  o f  a t t a i n m e n t  o f  e q u i l i b r i u m  be tween Py 
and  H Py ,  t h e  p o s i t i o n  o f  t h e  e q u i l i b r i u m  i s  s h i f t e d  t o w a r d  p y r e n e .  
Tempe4ature  must  t h e r e f o r e ,  b e  a d j u s t e d  t o  a c h i e v e  a n  optimum t r a d e - o f f  
b e t w e e n  r a t e  of f o r m a t i o n - a n d  maximum p o s s i b l e  c o n c e n t r a t i o n  o f  HZPy. 
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FIGURE 1 
STRUCTURES FOR PYRENE AND HYDROGENATED PYRENES 
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FIGURE 2 
CONCENTRATIONS OF PYRENE AND DIHYDROPYRENE 

(348 OC, 1250 PSIG, 15 MG SHELL 324) 
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FIGURE 4 

DEPENDENCE OF RATE CONSTANTS ON CATALYST LEVEL 
(348 O C, 1250 PSIG, SHELL 324) 
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FIGURE 5 

DEPENDENCE OF RATE CONSTANTS ON PRESSURE 
(348 OC, 15 MG SHELL 324) 
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F I G U R E  6 

ENTHALPY OF HYDROGENATJON REACTION 
(348 "C, 1250 PSIG, 15 MG SHELL 324) 
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F I G U R E  7 

ARRHENIUS PLOT OF RATE CONSTANTS 
(1250 PSIG, 15 MG SHELL 324) 

, k  ( L i n e s  a r e  l e a s t  s q u a r e s  f i t  o f  d a t a )  
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